reported counterpart. Variant 13-A precludes the formation of a transcript encoding a full-length Ca 2ϩ -dependent lipid-binding (C2) domain with very high evolutionary conservation among NEDD4L orthologs. A similar C2 domain in the paralogous NEDD4 gene plays a significant role in the transfer of its product to the apical membrane of epithelial cells. Differential function of NEDD4L isoforms could prove significant in blood pressure regulation through an effect on ENaC-dependent sodium reabsorption.
Introduction
Genetic determinants of essential hypertension have proven elusive, as no single common variant is likely to exert a major effect on blood pressure (Corvol et al. 1999; Luft 2000) . In rare Mendelian syndromes of hypertension, in contrast, gain-or loss-of-function mutations account for the physiology and the molecular basis of disorders. Such remarkable advances have pinpointed critical elements of regulatory pathways involved in sodium homeostasis and blood pressure control (Lifton et al. 2001 ). Thus, in Liddle's syndrome (Liddle et al. 1963) , mutations affecting PPxY (PY) domains of the epithelial sodium channel (ENaC) lead to increased sodium reabsorption as a result of increased ENaC activity (Schild et al. 1995; Shimkets et al. 1994) . ENaC mediates sodium reabsorption in the cortical collecting tubules of the kidney, accounting for the fine regulation of sodium balance. The cell surface expression of ENaC is regulated by hormones such as aldosterone and vasopressin and by intracellular signaling, including ubiquitination and phosphorylation Snyder et al. 2002) .
The members of the Nedd4/Rsp5 protein family have a unique modular structure consisting of an N-terminal Ca 2ϩ -dependent lipid-binding (C2) domain, multiple WW protein-protein interaction domains, and an E3 ubiquitin ligase HECT domain. The WW domains of the NEDD4 family of ubiquitin ligases specifically interact with the PY domains in ENaC subunits, leading to monoubiquitination of ENaC and down-regulation via endocytosis from the plasmid membrane. The vesicles carrying ENaC enter the vacuolar protein sorting pathway leading to recycling to the plasma membrane or targeting to lysosome for degradation (Lemmon and Traub 2000) . There are two Nedd4 paralogs in human: NEDD4 (chromosome 15q, GenBank LocusID 4734) and NEDD4L (chromosome 18q21, GenBank LocusID 23327). Although NEDD4 orthologs were originally identified as ENaC binding partners using yeast two-hybrid experiments (Staub et al. 1996) , it has recently been established that NEDD4L orthologs (also termed human, mouse Nedd4-2 proteins) are more potent regulators of ENaC than are NEDD4 orthologs (Harvey et al. 2001b; Kamynina et al. 2001a Kamynina et al. , 2001b .
Suggestive linkage in a region of human chromosome 18q has been reported for essential hypertension (Atwood et al. 2001 ) and postural change in systolic blood pressure (Pankow et al. 2000) . Significant linkage has also been published for essential hypertension (Kristjansson et al. 2002) and orthostatic hypotensive disorder (DeStefano et al. 1998) in the vicinity of the peaks of these other reports. This general region includes the ubiquitin ligase NEDD4L (GenBank LocusID 23327). It follows that NEDD4L is a candidate gene for susceptibility to hypertensive and hypotensive disorders on both functional and genetic grounds. Because the gene may span more than 300 kb, our systematic search for polymorphisms by resequencing was limited to exons and their splice junctions. Sequence alignments based on the comparative analysis of the human genomic NEDD4L sequence with cDNA sequences from several organisms suggested the existence of putative exons upstream of the previously reported mammalian NEDD4L transcripts that, in apparent contrast with NEDD4, lack an intact amino-terminal C2 domain (Harvey et al. 2001a; Kamynina et al. 2001a Kamynina et al. , 2001b . A resequencing survey including these putative exons revealed 38 polymorphisms. Among these, a common variant (allelic frequency of 30% in Caucasians) at the splice junction of a putative exon 1 disrupts the formation of a transcript capable of producing a NEDD4L protein containing a conserved C2 domain. Characterization of the 5Ј end of NEDD4L transcripts reveals multiple transcriptional isoforms that contain or lack this C2 domain. These isoforms exhibit significant differences in their tissue-specific distribution.
These novel observations may be of major significance for the function of NEDD4L. The presence of a Ca 2ϩ -dependent C2 domain in previously unreported isoforms of the mammalian gene may be of critical relevance for its regulated targeting in microdomains of the cell membrane, where it may interact with ENaC to affect its residence time at the cell surface , or, alternatively, may play a role in the budding of enveloped viruses (Strack et al. 2000) or in viral latency (Winberg et al. 2000) . The common variant observed, markedly biasing the representation and subcellular targeting of NEDD4L isoforms, would have a major impact on these cellular functions.
Materials and methods

Sequence analysis
Genomic, cDNA, and expressed sequence tag (EST) databases included GenBank nr, Human and Mouse EST entries, the human genome draft assembly hg8 06 Aug 2001 freeze (http://genome.ucsc.edu), the mouse phusion and arachne draft assembly (http://mouse.ensembl.org), and the Fugu rubripes draft genome assembly 1 (http:// www.jgi.doe.gov/fugu/index.html). Results from BLAST and cross_match analysis were parsed with Perl scripts that iterated the sequence search to form a consistent assembly of EST, cDNA, and genomic sequence. Inclusion of EST and cDNA sequence into the assembly required at least one confirmed splice junction on genomic DNA. All genomic coordinates are referenced to the chromosome 18 draft assembly hg8 06 Aug 2001 freeze. The coordinates are reported locally, indexed to base 65 000 000 in that assembly.
Genomic DNA used for polymorphism analysis
The HyperGEN network recruited hypertensive sibpairs and normotensive controls for the investigation of genetic linkage to a wide variety of phenotypes (Williams et al. 2000) . DNA samples were selected from 48 normotensive controls for this survey of common polymorphisms.
Search for polymorphisms by resequencing
Polymerase chain reaction (PCR) amplification was carried out in 50-µl reaction volumes using Expand Long Template PCR System (Roche, Indianapolis, IN, USA); see Appendix, Table 1 data for primer sequences. Each reaction contained 100 ng of genomic DNA, 350 µM deoxyribonucleoside triphosphates (dNTPs), 0.2 µM of each PCR primer, 1X reaction buffer #2, and 2.6 U of Taq/ Pwo polymerase mix. Cycling conditions included an initial denaturation at 94°C for 2 min, 10 cycles of 94°C for 10 s, 55°C for 10 s, and 68°C for 2 min, followed by 20 cycles of 94°C for 10 s, 55°C for 10 s, and 68°C for 2 min ϩ 20 s/cycle. Residual primers and dNTPs were removed from PCR products with a Millipore glass fiber filter. The sequenceready templates were eluted in 70 µl of sterile water. Five microliters of each template was aliquoted to a 384-well sequence dish and evaporated to dryness in a speed-vac.
Cycle sequencing was carried out in 2-µl reaction volumes using ABI BigDye Terminator v.3.0 chemistry (ABI, Foster City, CA, USA). Cycling conditions included an initial denaturation at 96°C for 30 s, followed by 45 cycles of 96°C for 10 s, 50°C for 5 s, and 60°C for 4 min. On completion of cycle sequencing, 8 µl of 62.5% ethyl alcohol/1 M potassium acetate, pH 4.5, was added to each reaction and the sequence plates were centrifuged at 4000 rpm at 4°C for 45 min. The samples were resuspended in 10 µl of formamide and electrophoresed on an ABI 3700 DNA analyzer (ABI) prepared with a POP-5 capillary gel matrix.
Sequence trace files were evaluated using the Phred, Phrap, and Consed programs (Ewing et al. 1998) . Potential heterozygotes were identified by using the PolyPhred version 3.5 program (Nickerson et al. 1997 ). Polymorphisms were verified by manual evaluation of the individual sequence traces.
Reverse transcription-PCR (RT-PCR) and rapid amplification of cDNA ends (RACE) 5Ј RACE reactions were performed with the SMART II RACE cDNA amplification kit (Clontech, Palo Alto, CA, USA) according to the manufacturer's protocol. Total RNA was purchased from Clontech (Catalog numbers 64096-1, 64097-1) and Stratagene (Cedar Creek, CA, USA; Catalog numbers 735014, 735474). First-strand cDNA synthesis was performed with PowerScript reverse transcriptase (Clontech) on 1 µg of total RNA using the 5Ј RACE (Clontech) primer and the addition of SMART II A oligonucleotide (Clontech). Following reverse transcription, the first-stand cDNA was used directly in 5Ј RACE or RT-PCR reactions. Gene-specific PCR products were obtained by using a nested PCR strategy (see Appendix, Table  2 for primer sequences). Products were subcloned into pCR2.1 with the TA Cloning Kit (Invitrogen, Carlsbad, CA, USA). Standard plasmid sequencing procedures were performed on the subclones, and RT-PCR templates were also sequenced directly.
Quantitative analysis of mRNA Human kidney, adrenal gland, and liver mRNA, purchased from Clontech, were used for quantitative analysis of mRNA. First-strand cDNA for 1 µg total RNA was prepared using reverse transcriptase (Power Script Reverse Transcriptase, Clontech) by following the manufacturer's standard protocol. Quantitative real-time PCR (Q-PCR) was performed by monitoring the fluorescence of SYBR Green (Molecular Probes, Eugene, OR, USA) with the ABI PRISM 7700 sequence detection system (Applied Biosystems). Oligonucleotide primers were designed to span at least one intron and to minimize primer-dimer formation. PCR reaction products were electrophoresed to verify specific amplification and the absence of primerdimer formation. All PCR reactions were performed in triplicate with primers that were specific for the corresponding human genes and spanned at least one intron: 5Ј cct aaa tga gac gtc tcg cat ttg ag 3Ј (human N4L Ex1 up), 5Ј agc tgg cgg aga cca gga ttt 3Ј (human NEDD44L Ex2a UP), 5Ј ccg cta cgt aca atg aaa gtt tca c 3Ј (human NEDD4L Ex3 RP), 5Ј gaa ggt gaa ggt cgg agt c 3Ј (human glyceraldehyde-3-phosphate dehydrogenase [hGAPDH] UP), 5Ј gaa gat ggt gat ggg att tc 3Ј (hGAPDH RP). Amplification was performed during 35 cycles of 94°C for 10 s, 60°C for 10 s, and 72°C for 20 s. Water and genomic DNA served as negative controls. Cloned human cDNAs were used to generate standard curves. Expression of both exon 1-2-3 isoform and exon 2a-3 isoform was relative to hGAPDH expression.
Results
Polymorphism discovery in NEDD4L
Genomic resequencing targets were defined by a detailed analysis of the available NEDD4L (18q21) genomic sequence. KIAA0439 (GenBank accession no. AB007899) is a random full-length human cDNA sequence that maps to the NEDD4L locus on 18q21. It was shown that the predicted translation product of KIAA0439 is more similar to the Xenopus NEDD4 transcript, AJ000085 (Rebhun and Pratt 1998) , than to human (15q), mouse, or rat NEDD4 transcripts (Harvey et al. 2001b) . Human NEDD4 (15q) and NEDD4L (18q21) are thus paralogs, and the paralogous split preceded the divergence of the mammalianamphibian vertebrate lineages. Protein domain analysis of Xenopus NEDD4 AJ000085 indicates the presence of an evolutionarily conserved C2 domain, in contrast to the human NEDD4L transcript defined by KIAA0439, which contains only a partial C2 domain sequence that is appended to a 5Ј sequence lacking an initiating methionine codon. To search for undetected 5Ј genomic exons that may contain the missing evolutionarily conserved C2 domain sequence, we used the Xenopus NEDD4 AJ000085 C2 domain sequence as a translated query in a TBLASTN analysis of human 18q21 genomic sequence. Putative exons 1 and 2 are predicted from the TBLASTN alignments, and they are located 152 kb and 136 kb upstream of exon 3, respectively. The TBLASTN analysis of exons 1 and 2 is confirmed by EST sequences BF965237 and BF678906. Exon 3 is predicted to begin the partial C2 domain sequence observed in KIAA0439, and genomic cDNA alignment predicts an exon 2a, located 92 kb upstream of exon 3, that corresponds to the 5Ј sequence found in KIAA0439. The location of the predicted NEDD4L exon -intron junctions and the genomic target coordinates for resequencing are in Table 1 .
Common variants of NEDD4L were discovered by sequencing PCR products spanning exons 1, 2, 2a, and 3 through 31 from 48 unrelated individuals. We surveyed 5524 nucleotides in exons, and 23 108 nucleotides overall, for polymorphisms by resequencing. Table 2 shows the position, alleles, allele frequency, and functional implication of the 34 single nucleotide and 4 insertion/deletion polymorphisms detected. One polymorphism, variant 13 at nucleotide 82 723, occurred at the last nucleotide of exon 1 and is common in Caucasians (70% G, 30% A). This variant has the potential to disrupt exon 1 splicing because G is the most common nucleotide at this position in consensus 5Ј splice donor sites (Stephens and Schneider 1992) . Variants in this position are known to alter splice site selection in numerous human mutations (Nakai and Sakamoto 1994; Rogan et al. 1998 ). This prompted us to evaluate the effect of variant 13 on exon 1 splice site selection in human kidney and adrenal RNA.
Transcript analysis by RT-PCR, RACE, and Q-PCR
RT-PCR analysis was performed on human kidney and adrenal RNA preparations with exon 1-and exon 3-specific primers. Two sources of RNA from each tissue were used: kidney (source 1) ϭ normal, whole kidneys pooled from 6 male/female Caucasians; kidney (source 2) ϭ two female donors; adrenal (source 1) ϭ normal, whole adrenal glands pooled from 62 male/female Caucasians; adrenal (source 2) ϭ one female. Direct sequencing of RT-PCR products from kidney RNA displayed a mixture of sequences beginning at the exon 1-2 junction; therefore, the products were subcloned into a plasmid vector, and independent transformants were sequenced. Figure 1 shows that two distinct exon 1-2 splice junctions were found: splice product 1 corresponds to the predicted sequence of exon 1, with variant 13 as the last exon 1 nucleotide, whereas splice product 2 is generated by splicing 10 nt 3Ј of variant 13, and results in a transcript that disrupts the predicted C2 domain translated reading frame. The variant 13 G allele displays leaky splice site selection with a mixture of splice product 1 (35/51 in kidney, 11/20 in adrenal) and splice product 2 (16/51 in kidney, 9/20 in adrenal), whereas the variant 13 A allele is detected only in splice product 2 (87/87 in kidney and adrenal).
Further characterization of the representation and semiquantitative abundance of 5Ј splice isoforms were performed with 5Ј RACE reactions with primers specific for exons 2, 2a, 2c, and 3, using the same RNA preparations used in the RT-PCR analysis. RACE products were subcloned into a plasmid vector and 96 clones were sequenced for each RACE reaction. Figure 2 shows the exon structure of the RACE products and the number of unique 5Ј ends seen with each primer. Exon 3 RACE primers generated products corresponding to the exon 1-2-3 product (isoform I) that were similar to the exon 1-3 RT-PCR products, exon 2a-3 products (isoform III) that were similar to the KIAA0439 transcript, and exon 2a-2d-3 and exon 2b-3 products. Only exon 1-containing forms have a potential initiating methionine codon upstream of exon 3. Using RACE primers within exon 2, approximately 50% of the subcloned RACE products from kidney and adrenal showed splicing to exon 1. The exon 1-2 splice junction for RACE clones containing the G allele of variant 13 were 1  82481  82723  242  98708  99315  607  2  98954  99027  73  127963  128583  630  2a  143659  143902  243  234613  235239  626  3  234885  234966  81  238062  238691  629  4  238357  238395  38  241163  241797  634  5  241459  241512  53  305150  305786  636  6  305439  305489  50  311752  312995  1243  7  311882  311943  61  8  312689  312791  102  314181  314805  624  9  314453  314619  166  318155  318757  602  10  318452  318584  132  319956  320592  636  11  320195  320371 either splice product 1 or splice product 2, and only splice product 2 was seen when the A allele was present, similar to the results of RT-PCR analysis. The other RACE products terminated in exon 2 or spliced to unaligned genomic sequence. Race experiments with both exon 2a and 2c primers resulted in no detectable 5Ј sequence spliced to these exons, implying that these exons may be adjacent to promoters expressed in these tissues. RACE experiments with exon 3 primers confirmed the presence of the isoform I transcript and the isoform III transcript. These experiments also revealed two distinct exons expressed in kidney: 2b and 2d, with 2b represented as a 5Ј exon without an in-frame AUG codon spliced to exon 3, similar to exons 2a and 2c, and exon 2d detected as an alternative splice form consisting of exon 2a-2d-3, each with consensus splice sequences at their 5Ј donor and 3Ј acceptor sites. The relative level and tissue-specific expression of isoform I versus the isoform III was analyzed by Q-PCR. Figure 3 shows the results of four experiments, each in triplicate, for the quantitative analysis of NEDD4L mRNA from kidney, adrenal gland, and liver, normalized to the expression of hGAPDH in each tissue. Expression of GAPDH in these tissues is not significantly different (data not shown). Expression of isoform I is significantly higher in both kidney and adrenal than isoform III. These findings suggest that isoform I (exon 1-2-3) is expressed in a tissuespecific manner, and that it is more abundant than isoform III (exon 2a-3) in kidney and adrenal gland.
Refinement of NEDD4L predicted genomic structure and transcript isoform pattern Figure 4A combines cDNA, EST, RT-PCR, and RACE data and suggests six different transcript isoforms spliced to exon 3. Isoforms I and II splice an in-frame AUG codon to exon 2, adding 8 and 16 amino acids, respectively. Isoform I spans 303 kb of genomic DNA (draft sequence with 54 gaps) and consists of 30 exons. Both isoforms are capable of producing a translated protein containing the evolutionarily conserved C2 domain beginning in exon 2. The similarity of this C2 domain to consensus Simple Modular Architecture Research Tool (SMART) C2 domain sequence (Schultz et al. 2000) is shown in Fig. 4B , as well as the location of this domain across exon 2 through exon 6 of NEDD4L. The sequence 5Ј of the exon 2 splice junction in isoform II is not represented in the current version of the draft human genome sequence, and we postulate it may reside 5Ј of exon 1, in an unfinished region of chromosome 18. This isoform was not detected in the 5Ј RACE analysis, but is detected by RT-PCR from both kidney and adrenal RNA (data not shown).
Isoforms III and IV splice exons 2a and 2c to exon 3, respectively. Functional studies of mammalian NEDD4L protein have used the exon 2a-3 isoform typified by KIAA0439 (GenBank accession no. AB007899), which lacks an intact N-terminal C2 domain. Neither exon 2a nor exon 2c contains AUG codons in any frame, and the first AUG start codon in these isoforms occurs in exon 7. These isoforms are predicted to produce a form of NEDD4L protein that completely lacks the C2 domain. Isoforms V (exon 2a-2d-3) and VI (exon 2d-3) also lack AUG start codons and are also predicted to initiate translation in exon 7.
Analysis of mouse cDNA, EST, and draft genomic assemblies reveals conserved exon-intron junctions for exons 2, 2a, 2b, 2c, and 3. Mouse exon 2a-3 splice form is represented by the following ESTs: AW106584, BI687556, BB621848, AW228518, BI218843, AW226920, BB846219, AI527754, AI227149, AI931594, AW910412, BI690367, BG971715, BI650832, BI559036. Mouse exon 2b-3 splice isoform is represented by cDNA AK004969, and mouse exon 2c splice isoform is represented by ESTs BG404747 and BG294676. The mouse exon 2-3 splice form is represented by ESTs BB569841, BB611456, BB635343, BB639757, BB640919, BB847602, and BB863379. These seven ESTs form five sequence clusters, and two of these clusters match draft assemblies with a consensus GT dinucleotide at the predicted 5Ј Fig. 3 . Quantitative PCR analysis of exon 1-2-3 isoform I versus exon 2a-exon 3 isoform III in human kidney (hK), adrenal gland (hA), and liver (hL). Standard curves from a two-fold dilution series of cloned PCR target for both NEDD4L isoforms and human glyceraldehyole-3-phosphate dehydrogenase (hGAPDH) were used to calcuated the relative ratios of NEDD4L/GAPDH. The NEDD4L/GAPDH ratios are calculated based on predicted molar amounts of target mRNA. The probability that the expression levels are significantly different is shown with P values calcuated with a student's t-test Fig. 4A ,B. Exon-intron structure of the 5Ј end of NEDD4L on human chromosome 18q. The exons (A) were defined by searching GenBank Human expressed sequence tag (EST) entries and nr databases with NEDD4L exon 3 as the query (CAGTGATCCGTATGTGAAACTT TCATTGTACGTAGCGGATGAGAATAGAGAACTTGCTTTGGTC CAGACAAAAACAATTAAAAAG). ESTs and cDNAs that have exons spliced 5Ј to exon 3 are shown. AF21730 sequence 5Ј of exon 2 is not represented in the current draft sequence of the human genome. The sequences were compared with human genome draft assembly hg8 06 Aug 2001 freeze to define exon-intron boundaries; all exons conformed to consensus splice sites (5Ј-AG, 3Ј-GT). The exonic location and conservation of the C2 domain (B) is shown for NEDD4L transcripts. The alignment of human NEDD4L is shown versus the Simple Modular Architecture Research Tool (SMART) C2 (SM0239) consensus sequence. The alignments of predicted C2 domains of mouse and Fugu NEDD4L orthologs, and the human NEDD4 paralog, are also shown splice donor site. None of these clusters displays significant similarity to human exon 1, although BB863379 does have 71 nt 5Ј of exon 2 that match the 5Ј end of human isoform II at 89% identity. However, this EST is only 96% identical to the other mouse exon 2-3 ESTs; thus, it is likely that this EST represents a pseudogene. TBLASTN analysis of isoform I and II against the draft Fugu rubripes (puffer fish) genome revealed a draft assembly (Scaffold_826, 55 kb with nine gaps) spanning 26 kb containing exons 2 through 30 (exons 10, 11, and 12 are missing from the assembly) and displaying conserved exon -intron junctions for the 26 exons detected. Translation of the Fugu NEDD4L exons yields a protein that is 87% identical and 94% similar to human NEDD4L isoform II. Figure 4B shows that there are no amino acid substitutions between the predicted C2 domains of human and mouse NEDD4L, and that there are fewer substitutions between Xenopus, Fugu, chicken, mouse, and human NEDD4L than between human NEDD4L and NEDD4. The Fugu NEDD4L gene also contains an exon 1.2 kb upstream of exon 2 that is predicted to splice an in-frame AUG codon to exon 2 with the addition of 15 N-terminal amino acids. That translated product displays detectable sequence similarity with the translated product of isoform II (Fig. 4B) , which is the isoform whose sequence 5Ј of exon 2 is missing in current human finished and draft sequence databases. Although orthologous 2a, 2b, and 2c exons are detected in the mouse draft sequence, there is no detectable similarity in Fugu NEDD4L intron 2 using either TBLASTN or BLASTN analysis. This suggests that isoform II may reflect the most ancestral form of NEDD4L, and that the sequence of the N-terminal C2 domain has been conserved by natural selection.
Discussion
This resequencing survey of NEDD4L exons and flanking introns for polymorphic variants in 48 Caucasian individuals detected 35 flanking/intronic variants, and 3 exonic variants. Variant 13-A occurs at an allele frequency of 0.30, and its location in exon 1 results in a synonymous CAG/A glutamine codon substitution, but also changes the 5Ј splice donor site from a strong to a weak consensus: CAG-GT to CAA-GT. Analysis of the NEDD4L exon 1-2 splice junction from RT-PCR and RACE products from human and adrenal RNA reveals leaky splice site selection, of which only one form is predicted to lead to in-frame translation of the evolutionarily conserved N-terminal C2 domain. The identity of variant 13 changes the ratio of splice site selection from preferred splicing of the in-frame product with the G variant, to no detectable splicing of the in-frame product with the A variant. Numerous human mutations have been described that have G-to-A alterations at this position in 5Ј splice donor sites (Rogan et al. 1998) . Also, the human cyclin D1 (CCND1) gene contains a common G/A polymorphism at this 5Ј splice donor site consensus position in CCND1 exon4, and this polymorphism modulates mRNA splicing to produce two transcripts (Betticher et al. 1995) . This common polymorphism has recently been implicated in altering the age of onset of hereditary nonpolyposis colorectal cancer (Bala and Peltomaki 2001; Kong et al. 2000) .
RT-PCR and RACE analysis from human and adrenal RNA revealed six NEDD4L transcript isoforms. Functional studies of mammalian NEDD4L protein have used a spliced form of the human NEDD4L protein typified by KIAA0439 (GenBank accession no. AB007899), which corresponds to isoform III resulting from exon 2a-3 splicing and lacking an intact N-terminal C2 domain. This is in contrast to the founding, and defining, member of the NEDD4L family, a Xenopus laevis Nedd4-like protein that has an intact C2 domain (Rebhun and Pratt 1998) . Our analysis of genomic, cDNA, and EST sequence reveals a conserved exon 2 in Fugu, mouse, and human that corresponds to the orthologous sequence in Xenopus. RACE analysis using exon 2 and exon 3 primers demonstrates that isoform I of human NEDD4L is an abundant 5Ј transcript isoform in adrenal tissue, whereas in kidney there is evidence for multiple isoforms including I, III, V, and VI. Isoforms III through VI all generate transcripts in which the first potential AUG start codon is in exon 7, distal to the C2 domain. RACE experiments from exon 2a and 2c did not detect any sequence spliced 5Ј of these exons, and exon 1-3 RT-PCR revealed only exon 1-2-3 splice forms, with no splicing detected to exons 2a, 2b, 2c, or 2d. Therefore, isoforms containing exons 2a, 2b, 2c, or 2d are expected to begin translation from the AUG codon in exon 7, which is the first AUG codon in these transcripts. This exon 7 AUG codon is conserved between human, mouse, chicken, Xenopus, and Fugu, and, as shown in Fig. 4B , it is located at the C-terminal junction of the C2 domain. Q-PCR analysis of isoform I versus isoform III in total RNA from human kidney, adrenal, and liver indicated tissue-specific expression patterns for isoform I, and suggested that this is an abundant isoform in kidney and adrenal. It should be pointed that not only does variant 13-A affect a previously unreported isoform of human NEDD4L, but this isoform I is also significantly more abundant in kidney and adrenal gland than the better investigated, C2-less isoform III corresponding to the KIAA0439 transcript.
The conserved NEDD4L C2 domain translated from exon 2 through exon 6 suggests that this sequence has been maintained through functional selection. The observed average amino acid identity in large-scale comparisons of orthologous mouse and human protein sequences is 85.4% (Makalowski et al. 1996) . The translated, 101 amino acid C2 domain of human NEDD4L is 100% identical to mouse C2, 98.0% identical to chicken C2, 96.0% identical to Xenopus C2, and 94.1% identical to Fugu C2 domains. This level of sequence conservation suggests that the NEDD4L C2 domain is functional and under strong selective constraints. The comparison of the N-terminal sequence prior to the C2 domain of human isoforms I and II with Fugu and Xenopus indicates that isoform II is conserved for 9 of 16 amino acid residues at the N terminus (Fig. 4B) . The genomic sequence corresponding to the 5Ј end of isoform II has not yet appeared in the human genome assembly, but we can postulate that it may be located upstream of exon 1 of isoform I. The conserved residues at the N terminus of isoform II suggest it may represent the most ancestral isoform of NEDD4L, and that the isoform I promoter and exon 1 sequences may be more recently evolved. The existence of multiple isoforms that result in either C2 or C2-less forms of NEDD4L protein, some of which are conserved between human and mouse, suggests that these two forms may have different functional roles in ubiquitination and endocytosis of protein targets such as ENaC, and may have evolved under different selective constraints.
Although no experiments have yet been reported with a human or mouse NEDD4L protein containing an intact C2 domain from either isoform I or II, there are several studies using C2-less NEDD4L and Nedd4/Rsp5 proteins in mammalian, amphibian, and yeast systems. The ~110 amino acid C2 domain is a eukaryotic protein module that has Ca 2ϩ -dependent interactions with phospholipids, inositol polyphosphates, and intracellular proteins. The human Nedd4 C2 domain has been shown to cause Ca 2ϩ -dependent plasma membrane localization in polarized Madin-Darby canine kidney (MDCK) cells (Plant et al. 1997 ). This localization of endogenous Nedd4 occurred preferably to apical and lateral membranes in these polarized cells, and heterologous expression of a C2 deletion construct showed that the C2 domain was required for Ca 2ϩ -dependent membrane localization. Further studies have shown that annexin XIIIa and b are the protein-binding partners of Nedd4 in this Ca 2ϩ -dependent membrane localization assay . The Ca 2ϩ -dependent binding to annexin XIIIb further targets the complex to lipid rafts, which are membrane cholesterol and sphingolipid microdomains involved in endocytosis (Ikonen 2001) .
Several experiments have investigated the effect of the Nedd4 C2 domain on regulation of ENaC activity. In both Xenopus oocytes and rat thyroid epithelia, removal of the Nedd4 C2 domain in expression constructs caused a stronger down-regulation of ENaC activity (Snyder et al. 2001) . This result has also been seen in a comparison of human NEDD4 and NEDD4L in down-regulating ENaC activity in Xenopus oocytes . In this case, removal of Nedd4 C2 domain also resulted in stronger down-regulation of ENaC activity, and expression of an NEDD4L isoform III construct (KIAA0439) displayed more potent inhibition of ENaC than did NEDD4 constructs. These experiments also attempted to convert isoform III of NEDD4L to a C2-containing form by adding an AUG codon in-frame at the beginning of exon 2a. This construct had no effect on ENaC regulation in Xenopus oocytes; however, with the identification of isoform I, it is now apparent that this recombinant protein restored a truncated C2 domain rather than the full-length C2 domain encoded by exons 2 through 6.
Experiments with the RSP5 yeast homolog of the NEDD4/NEDD4L family have demonstrated that it is involved in the ubiquitination and endocytosis of several membrane proteins. C2-less constructs of Rsp5 had no effect on the ubiquitination and internalization of the yeast alpha-factor receptor. However, the C2-less construct displayed defects in transport of fluid-phase markers through the endocytotic pathway to the vacuole, suggesting that Nedd4 proteins are internalized along with their ubiquitinated protein targets and that the C2 domain may also function postendocytosis (Dunn and Hicke 2001) . This study also provided evidence that Rsp5 protein forms homomeric complexes, both in vitro and in vivo. Given these results, as well as the recent recognition that NEDD4L, rather than NEDD4, is the major regulator of ENaC in mammalian cells, the exact role of the NEDD4L C2 domain in both localization and activity of this protein requires further investigation.
Selective constraints on NEDD4L activity independent of ENaC interactions may be derived from evidence that NEDD4L is also involved in viral-associated processes of enveloped virus budding and viral latency. Recent evidence suggests that Nedd4 family proteins interact with coat proteins of enveloped viruses late in the process of viral budding, implicating ubiquitination in the function of viral protein late domains in retrovirus assembly (Hicke 2001; Patnaik et al. 2000; Strack et al. 2000; Vogt 2000) . Using the late assembly domain of Rous sarcoma virus (RSV) Gag protein as a peptide probe on a chicken embryo expression library has resulted in the cloning of the C2 and WW domains of the chicken NEDD4L ortholog (Kikonyogo et al. 2001) . In a human cell assay of RSV Gag budding, overexpression of the chiken NEDD4L WW domains resulted in dominant-negative inhibition of Gag budding, suggesting the overexpressed chicken NEDD4L WW domains inhibited Gag budding by competing with endogenous human NEDD4L. It has also been shown that the PY domain of ENaC can substitute for the RSV Gag late assembly domain in a virus-like particle assay in HeLa cells (Strack et al. 2000) , implicating NEDD4L function in the budding of enveloped viruses containing PY motifs that include retroviruses. The protein produced from KIAA0439 has also been shown to form physiological complexes with the PY motifs in latent membrane protein 2A of Epstein-Barr virus (Winberg et al. 2000) . It has been recently suggested that the molecular basis phenomenon of viral pseudotyping, the result of a mixed infection with two different enveloped viruses that results in phenotypic mixing of envelope proteins in the virus progeny, may be due to the sequestration of viral maturation components in lipid rafts (Pickl et al. 2001) . As mentioned earlier, the Ca 2ϩ -dependent binding of Nedd4 to annexin XIIIb, mediated by the NEDD4 C2 domain, targets Nedd4 to lipid rafts in the apical surface of polarized MDCK epithelial cells . A plausible hypothesis is that sequestration of Nedd4 proteins in lipid rafts mediated by Ca 2ϩ -dependent binding interactions of the C2 domain may expose Nedd4 proteins to selective forces acting at the level of viral infectivity.
It has also been recently shown that ENaC activity is down-regulated after influenza virus infection of mouse tracheal epithelia, contributing to the accumulation of edema fluid in the airway (Kunzelmann et al. 2000; Matthay et al. 2002) . This down-regulation is dependent on viral hemagglutinin binding to a cell surface receptor, which was shown to activate phospholipase C and protein kinase C (PKC).
